Abstract: Dynamic manipulation of wavefront is vital for massive free-space optical applications. Here we propose a set of largely tunable circular polarization splitters leveraging graphene nanoantennas with high efficiency reaching 83% and wide frequency tunability range of 2 to 5 THz. By synergizing the electrically tunable surface plasmons of graphene with phase gradient metasurface, we numerically demonstrate two kinds of polarization splitters with complimentary graphene patterns to realize electrical tuning of operation frequency and efficient circular polarization demultiplexing. Using antennas of different geometric sizes, the device performances are investigated in several different terahertz bands. Our proposed structures can facilitate dynamically tunable broadband and high-speed applications such as polarization demultiplexing and optical switches in terahertz regime.
Introduction
The control of free space light with circular polarization (CP) plays an important role in both scientific researches and industrial applications. For example, CP waves are useful for investigating the structures of various chiral molecules which respond differently to the left circular polarization (LCP) and right circular polarization (RCP) waves [1] . In telecommunications, polarization multiplexing can largely increase the channel capacity [2] . To realize those applications, beam splitting devices for CP waves are key elements. At optical frequencies, this function is usually supported by birefringent crystalline materials [3] . However, in the terahertz (THz) region, few natural materials exhibit strong birefringence and low loss [4] .
As an array of elaborately engineered optical scatters, metasurface exhibits unprecedented degree of freedom in tailoring the phase and polarization of light [5] - [11] , acting as a promising alternative to the CP wave control with small device volume and high efficiency. One of the most common concepts used in metasurface is geometric phase (or Pancharatnam-Berry phase [12] ), which refers to an array of antennas with identical geometry but designated spatial orientations [11] , [13] , [14] . The phase of the output CP wave varies linearly with the rotation angle of the antenna which acts as a localized half-wave plate. Leveraging the geometric phase, ultrathin metasurfaces for CP wavefront manipulation have been proposed at near- [15] - [18] , mid-and far-infrared frequencies [19] , [20] and also THz region [21] - [23] . However, these devices can only operate at specific pre-designed frequencies. In contrast, electrically configurable and dynamical control of wavefront is still highly desired in practical applications [24] .
Fortunately, graphene has been exploited to satisfy the aforementioned requirements in recent observations. As a distinctive monolayer of carbon atoms arranged in honeycomb lattice [25] - [27] , graphene has attracted great interest for its exceptional electronic and optical properties [28] , [29] . In contrast to the collective oscillations of electrons in noble metals, the surface plasmon polaritons (SPPs) in graphene exhibit tight confinement and low loss in terahertz and far-infrared frequencies [30] , [31] . Due to its strong interaction with terahertz waves, graphene can be used as nanoantennas in metasurfaces for achieving efficient wavefront manipulation. By controlling bias voltage or chemical doping, the Fermi level or chemical potential of the graphene can be tuned effectively, through which the optical properties can be controlled easily for the high dependence of the surface conductivity on the Fermi level [25] , [26] , [29] , [32] . Therefore, graphene remains an ideal platform in realizing frequency tunable or electrically reconfigurable terahertz devices [28] , [33] , [34] . Recently, graphene-based metasurfaces are proposed to achieve tunable polarization conversions or beam splitting [35] - [40] , but most of them are designed for the linear polarization. Moreover, they do not explicitly discuss the overall operation efficiency of their devices.
Here we present two designs of circular-polarization splitters with remarkable operation frequency tunability: one based on aperture graphene antennas and the other on patch graphene antennas. They are both rectangular antennas but with complementary patterns. Through properly configuring the antenna geometry, the devices can be designed to work in nearly any desired THz region. By altering the chemical potential of the graphene from 0.2 to 1 eV, the operation frequency can be shifted over a broad THz band. The maximum device efficiencies can reach 75% and 83% for the aperture-and patch-antenna-based design respectively. Far-field calculations show that the incident LCP and RCP components can be separated to opposite directions by large angles accompanied by very weak zero order light. Our research may promote future designs for high-speed tunable optical applications such as polarization switches, demultiplexer and terahertz beam manipulations.
Fundamentals and Design
Here we first discuss how a unit cell of the metasurface locally functions as a half-wave plate to maintain the handedness of the CP light and impart configurable and opposite phase delays to the LCP and RCP components in the reflected light. Some guidelines are also presented on designing the unit antenna cells. Then the working principle of the phase gradient metasurface will be elaborated. Fig. 1(a) and (b) show the unit cells of the two types of metasurface with complementary graphene patterns on the surfaces of the layered substrates. The gold bottom layer is coupled with the graphene antenna array to construct a Fabry-Perot (F-P) microcavity for enhancing the interaction between light and the antennas [37] . The electrodes are applied to the graphene sheets to combine with the gold bottoms for applying electrical gating. The device performances are analyzed by full-vector finite-difference time-domain (FDTD) methods (calculation details such as the parameter values and simulation configurations are given in Section 1 of the Supplementary Material). For potential fabrication processes, the gold and dielectric layers can be deposited on the silicon substrate by sputtering or e-beam evaporator [41] . The monolayer graphene grown by chemical vapor deposition (CVD) can be wet transferred from copper foil using PMMA [42] , [43] followed by electron-beam lithography (EBL) and oxygen plasma etching [44] . Electrical contacts can be made by standard lift-off process with electron-beam evaporator and photolithography [45] , [46] .
Unit Cells of the Metasurface
For isolated graphene patches, when illuminated with linear polarization, the localized surface plasmon (LSP) resonance in the graphene antennas can be excited [47] . If the patches are replaced with aperture/perforated graphene sheet (complimentary pattern), the vibration of the magnetic field in the graphene apertures will be also excited [48] with the same resonance frequency as the LSP in the graphene patches according to Babinet's principle [48] , [49] . However, this conclusion is only rigorously sustained for free-standing graphene sheets. In our designs, we use a gold back-reflector to enhance the resonances in antennas [37] , which will separate the resonance frequencies of the two complementary antennas (see Fig. S5 in the Supplementary Material).
We take the aperture graphene metasurface as an example to explain the modulation principle. Two orthogonal resonance modes exist in the antenna with their magnetic field vibrating along the two orthogonal directions [see the insets in Fig. 1(c) ]. Considering the asymmetry of the two modes, their resonance frequencies will separate in spectrum, which causes a phase difference [50] among the reflected x-and y-polarization light.
Under the normal irradiation, the incident CP light can be expressed by the Jones vector [14] , [41] comprised of two linear polarization components polarizing along the x and y axis in Fig. 1(a) respectively. The two orthogonal components experiences different phase delays ϕ 1 and ϕ 2 after reflection,
where E in and E out represent the polarization states of the incident and reflected light respectively; M is the Jones matrix of the antenna. Fig. 1(c) shows the phase responses for the x and y polarizations near the resonant frequencies. The insets show the magnetic field norm |H| distributions in graphene plane at the resonance frequencies, where the phase shift around π can be observed. Thus, a phase difference ϕ = ϕ 2 − ϕ 1 = π can be obtained by adjusting the antenna length and width. Applying this condition, the Jones matrix M becomes
Thus, E out can be rewritten as below.
Therefore, the handedness of the reflected circular polarizations will be maintained in this configuration, considering that the electric filed rotating direction and light propagation direction are both reversed after reflection. This differs from the function of a trivial mirror, which converts the incident CP light to its cross-polarization state after reflection. A commonly used parameter for the metasurface devices working at transmission applications is the polarization conversion ratio (PCR), which characterizes the ability to convert the incident CP light to its cross-polarization state [35] , [51] . Here we define polarization maintaining ratio (PMR) to evaluate and quantify the ability to convert the incident CP light to its co-polarization state. Take the LCP incidence as an instance, PMR is defined as
where R rl and R ll represent the energy ratio transformed from the incident LCP light to the reflected RCP and LCP light respectively. PMR measures the energy ratio of the co-polarization component in the reflected light, remaining as a parameter to evaluate the polarization purity of reflected light. Fig. 1(d) illustrates the corresponding PMR spectrum and amplitudes of the electric field E of the reflected light for x-and y-polarizations. The dips in the amplitude response lines result from strong absorption at the resonance frequencies [38] , which will contribute to the overall device loss. For the graphene antennas can act as Fabry-Perot resonators for the SPPs, we expect that the resonant frequency can be configured through adjusting the size of the antennas [47] . We change the length and width of the antennas and calculate the first order resonant frequencies f 1 . Fig. 1(e) shows that the f 1 exhibits approximately linear relation with the length of the antennas in log scale, where the antenna shape is set to square for simplicity. This can be a reference for configuring operation frequencies in practice. Here we define the central conversion frequency f c as the operation frequency, where the PMR reaches its maximum. Processes of designing geometry of the antennas with specific f c are as follows: (1) Adjust the size of the antenna to obtain the first order resonant frequency near f c . (2) Optimize the dielectric layer thickness d to enhance the resonance. Then the large phase delays similar to that in Fig. 1(c) can be obtained. (3) Slightly tune the length and width of the antennas for obtaining the π phase difference for x-and y-polarizations. The parameter optimizations above are completed through a set of simulations. The period p of the unit cells must be set much smaller than the wavelength λ to suppress higher diffraction orders [2] while large enough to allow for rotation of the antennas shown in next section. If considering the frequency tunability, d should be further optimized for obtaining high overall PMRs, the details of which will be discussed later.
Phase Gradient Metasurface
When the antenna orientation is rotated by an angle θ to the x axis as shown in Fig. 2(a) , E out can be written as [2] where,
is coordinate transformation matrix. Applying the condition ϕ = ϕ 2 − ϕ 1 = π, E out is reduced as below.
We can see that under normal irradiance of the CP light, the relative phase of the reflected light 2θ will sweep from 0 to 2π as the antenna orientation θ increases from 0 to π [19] , [21] , [41] . The ± sign indicates that the antenna will impart equal but opposite geometric phases (dependent on incident chirality) to the LCP and RCP incident light and meanwhile maintain their polarization states. Therefore, by assembly the antenna cells into phase-gradient metasurface as shown in Fig. 2(a) , the orthogonal CP light will have opposite reflection angles due to the opposite phase gradients. This can be verified from the phase distributions of reflected light under LCP\RCP illumination shown in Fig. 2(b) and (c). The reflection angle satisfies the generalized Snell's law [43] 
where θ i and θ r refer to incidence and reflection angle respectively. dϕ/dx stands for the phase gradient introduced by the metasurface along x axis. Under normal incidence of θ i = 0, we have
where P is the length of the super period which consists of N antennas with their orientation gradually rotated from 0 to π. The reflection angle only depends on the wavelength and the length of the super period (i.e., the phase gradient). For fixed unit cell period p, the reflection angle θ r decreases with N according to Eq. (9) . Considering the responses of the graphene metasurface for the two handedness of incidence should be opposite and mirror symmetric, we will then only discuss the cases under LCP illumination for the rest of the paper. The responses for RCP incidence can be analyzed in a similar manner. Let us consider the LCP incidence, generally the reflected light will not only consist of the LCP state. There may also exist few RCP component which is caused by the deviation between the real Jones matrix and the Eq. (2). The purity of the LCP component depends on the PMR. From Eq. (7) we can see that only the LCP component of the reflected light undergoes a configurable phase delay of 2θ determined by the antenna rotation. The RCP component of the reflected light, however, will not form the phase gradient. This can be seen from the simulation results shown in Fig. 3(a) . That is, while the LCP component in the reflected light is deflected, the RCP component will be reflected back with no deflection and form the zero order diffraction light [17] . Thus, we can deduce that the closer the PMR approaches 1, the higher splitting efficiency we can achieve. So, in the next section we will first discuss the PMR of our devices, and then show the efficiency and spitting performance at the frequencies corresponding to the highest PMRs.
Results and Discussion

Aperture Graphene Antennas
Now we analyse the tunability of the proposed devices. By constructing a capacitor structure, we can conveniently change the chemical potential μ c of the graphene by applying bias voltage [29] , [52] - [54] . Thus, the surface conductivity which highly depends on μ c can be conveniently configured, leading to a change in resonance frequency of the SPPs in graphene. This can be seen from Fig. 3(b) , where three graphene aperture antennas with the same geometry but different bias voltage are illuminated with the same light source. It shows that the resonant frequency shifts from 0.45 to 0.62 THz as the chemical potential of graphene changes from 0.2 to 1 eV.
To test the feasibility of our structure in different terahertz regions, we adopt different antenna geometry and calculate the corresponding device performance. The calculated PMR spectrums at various values of μ c are shown in Fig. 4(a)-(c) . To quantify the tunability, we define the relative shifting range of frequency as
where f represents shift of the central operation frequency f c . f c is the central frequency of the tuning region. We see that the f c can be tuned over a broad frequency range of 0.45-0.65 THz, 0.9-1.6 THz and 2.5-5.0 THz when we adopt the aperture antennas with length of 80, 30 and 5 μm respectively. The corresponding d f are 36%, 56% and 66% respectively, showing higher tunability at high frequencies (smaller antennas). It is expected that if the antenna size continues to be reduced, the tunability will be enhanced while working at higher frequencies [40] . This indicates that the influence of μ c on the resonance modes will become more pronounced as the frequency increases. In order to see how the spacer thickness d affects the overall performance, we fix the antenna size at 5 × 4 μm and change d from 11 μm [Fig. 4(c) ] to the values in Fig. 4(d) and (e). We can see that if d is too large, the strength of the resonances in the F-P cavity are not strong enough at short wavelengths, leading to low PMRs at high frequencies [see Fig. 4(e) ]. Similar deterioration will happen at low frequencies when d is too small [see Fig. 4(d) ]. Therefore, there is an optimal value of d for obtaining high overall PMRs at both high and low frequencies. The device efficiency is calculated by the energy ratio of the co-polarization component in the reflected light to the incident CP light. The maximum efficiencies corresponding to the aperture length of 80 μm, 30 μm and 5 μm are shown in Fig. 4(f) , from which we see that the device works most efficiently at the frequency range of 3.5-5.0 THz with overall efficiency exceeding 70%. One may notice that the efficiency drops at lower chemical potential. In fact, the efficiency at low chemical potential can be improved though adjusting the geometric parameters of the metasurface (see Supplementary Material for details). For example, consider the aperture size of 5 × 4 μm, if we increase d from 11 μm to 17 μm, the efficiency at μ c = 0.2 eV can be increased from 30% to 60%, which can be seen from the dash line in Fig. 4(f) . However, in this case the efficiency will drop significantly at higher chemical potentials. Thus, we choose a relatively small d to obtain high overall efficiency of the device.
To show the splitting performance for the orthogonal polarizations, we plot the relative intensities in the far-field of the gradient metasurfaces under LCP\RCP incidence respectively in Fig. 5(a) . The antenna size of 80 × 65 μm is used. We see that excellent splitting effect is achieved at the highest PMR frequencies. It also validates that the responses for LCP\RCP incidence are totally symmetrical. For further analysis, we plot the far-field intensity distributions along the x direction in Fig. 5(b) -(d) corresponding to the three aperture sizes respectively under normal irradiation of LCP light. We use normalized intensity which is calculated by normalizing the far-field intensity to the intensity of the light source (though the device sizes are different). Both the central operation frequency and corresponding reflection angles are shifted effectively with μ c . Only a negligible part of incoming light is normally reflected back. Meanwhile, the angle differences of different central frequencies become larger with the shrinking of the antenna size. This is understandable according to Eq. (9) that larger shifting range d f will lead to increasing angle difference of different frequencies. The simulation results also validate that the PMR is a good parameter to evaluate the beam splitting performance. Take the case of μ c = 0.2 eV as an example, by comparing the results in Fig. 4(a) -(c) with Fig. 5(a)-(c) , we find that the energy ratio of the undesired zero order light to the total reflected light decreases as PMR becomes larger. Considering the opposite reflection angles for the LCP and RCP incident light (see Fig. S4 in the Supplementary Material), our proposed devices can be used for circular polarization multiplexing or demultiplexing with high-speed tuning of the central frequency.
Patch Graphene Antennas
We calculate the device performance for patch graphene metasurfaces with the same antenna geometry as the aperture design discussed above. The results are shown in Fig. 6 . The two kinds of the antennas own similar tunable frequency ranges. For relatively low chemical potential, the PMRs of the patch metasurface are slightly lower than that of the aperture metasurface at low frequencies, which is due to the relatively weak resonance strength in these cases. The farfield distributions in Fig. 6(d) and (e) present high deflection efficiencies. Fig. 6(f) shows that the efficiencies can maintain above 80% at 3-5 THz with the maximum reaching 83%, higher than previous literature operating in this THz band [38] , [40] . We note that the patch graphene antennas have slightly higher efficiencies than the aperture antennas. The may result from that the duty ratio of the graphene sheet on the former is smaller. Given that the device loss mainly comes from the intrinsic absorption in the graphene layer, the thermal loss in the patch graphene metasurface will be comparatively smaller than that in the aperture design.
For patch graphene antennas, transparent electrodes like ITO [54] or ion-gel top gates [55] can be adopted to apply bias voltage where every patch antenna acquires an individual electrode. In contrast, for the aperture graphene antennas, a single common metal electrode may remain sufficient to apply electrical bias to the whole graphene sheet. Therefore, the aperture antenna design may preserve better experimental feasibility on this regard. One may note that a relative low scattering rate is applied (0.11 meV) [37] in our simulations. In practical the mobility of graphene could be reduced by various scattering mechanisms [56] , [57] which may lead to higher scattering rate [53] , [58] . When operating in such high-scattering-loss occasions, the device will still own excellent tunability and splitting performance while the efficiency may deteriorate according to our simulations(see the discussions in Section 3 of the Supplementary Material).
Conclusion
We propose a largely tunable circular polarization splitter using patterned graphene metasurface. Two kinds of devices with complementary graphene nanoantenna patterns are investigated. High polarization maintaining ratio approaching 100% and large relative operation frequency tuning range reaching 66% are numerically validated for the both devices. Highly efficient splitting of circular polarization light over broad bands is also proposed. The overall efficiencies are 75% and 83% respectively for the aperture and patch antennas. Based on our results, our research can motivate further dynamically-configurable terahertz applications, such as molecular structure spectroscopy in biomedical sensing, polarization switches, multiplexing\demultiplexing and terahertz beam manipulation in optical communications.
